Journal of the Vacuum Society of Japan Vol. 50, No. 5 (2007) The dependence of the light intensity on the gas pressure was investigated in an electron-beam-pumped-light source using a graphite nanoneedleˆeld emitter, a Si electron-transparentˆlm and a Ne gas. A spot-like light emission and a background light emission are observed in at a Ne gas pressure less than 0.4 atm, while the back ground light emission disappears and the light emission becomes a completely spot with increasing the gas pressure. These experimental results are explained by the MonteCalro simulation of electron trajectories inside the gas cell. On the other hand, the light intensity almost saturates at a gas pressure of 0.4 atm and dose not increase with increasing the gas pressure. The Monte-Calro simulation suggests that the saturation of the light intensity is due to the increase of the excited Ne atoms losing their energy without light emission.
Introduction
Light emission based on the excitation of rare gases by a low energy dc electron beam (less than 30 keV) is a promising approach for realizing deep-or vacuumultraviolet lamps or lasers that are compact and have high e‹ciency. 1, 2) In these light sources, electrons emitted from a cathode are accelerated enough to penetrate an electron-transparentˆlm, which separates a vacuum chamber from a high-pressure gas cell, and light is emitted by electron-pumped rare gases. Although thermal cathodes have been used as a cathode, they require a power supply for heating and are di‹cult to incorporate into a truly compact system. The replacement of thermal cathodes withˆeld emitters makes it possible to construct a low-energy-consumption, compact and low-cost system. Very recently, we have developed the sputter-induced graphite nanoneedleˆeld emitter and the Si electron-transparentˆlm for the application of an electronbeam-pumped light source, and have successfully demonstrated a UV light emission from the electronbeam-excited N 2 gas. 3) To develop a practical device, it is important to know the relationship between light emission characteristics and electron beam or gas parameters. The gas pressure is an important parameter in the electron-beam-pumped light source. The light emission area and intensity depend on the gas pressure. In this paper, we have investigated the dependence of the light emission area and intensity on the gas pressure by both experiment and Monte-Carlo simulation.
Experiments
Sputter-induced graphite nanoneedleˆeld emitters were fabricated by using conventional RF magnetron sputtering equipment. 3) A graphite rod of 4 mm in diameter was positioned on the cathode electrode and was sputtered in a H 2 gas ambient at a pressure of 30 Pa, a power of 600 W and for a sputtering-time of 30 min. A scanning electron microscope (SEM) image of the sputter-induced graphite nanoneedle emitter is shown in Fig. 1 . The emitter is composed of a large number of nanoneedles, whose apexes and height are less than 50 nm and 3¿5 mm, respectively. The emission characteris- tic of the sputter-induced graphite nanoneedleˆeld emitter is shown in Fig. 2 . The electron emission characteristics were measured in a high vacuum (5×10 -5 Pa) chamber by using a diode conˆguration with a 200 mm gap between the emitter and the anode electrode. The turn-on eld for electron emission was typically 3 V/mm, and an emission current of 10 mA was obtained at an averagê eld of 6 V/mm. The corresponding Fowler-Nordheim plot is shown in the insert of Fig. 2 . It should be noted that no signiˆcant change in theˆne structure of the graphite nanoneedle emitter was observed after the operation.
Si electron-transparentˆlms were fabricated as follows. The starting material were 680-mm-thick siliconon-insulator (SOI) wafers, with a 1.5-mm-thick top Si layer and a 1-mm-thick buried oxide (BOX) layer. The Si substrate layer with a thickness of about 678 mm was etched by an inductively coupled plasma process (ICP) using SF 6 ＋O 2 and C 4 F 8 gases, and then the SiO 2 layer was etched in a buŠered hydro‰uoric acid solution. 3) SEM images of the Si electron-transparentˆlm are shown in Fig. 3 (a) a whole view and (b) a cross sectional view of one hole. A honeycomb structure, which was composed of a perforated thinˆlm with holes of 270 mm diameter in a 3×3 mm 2 region at the center of the substrate, was employed for mechanical strength. The aperture ratio was about 75z. The electron transmittance of the electron-transparentˆlm was measured as follows: An electron beam emitted from a cathode was irradiated to the electron-transparentˆlm, and a penetration current was measured with a collector electrode which was set behind theˆlm. The transmittance was calculated from the ratio of the penetration current to the initial beam current of the cathode. The energy distribution of electrons after penetrating the Si transparentˆlm was roughly measured by a retarding method using a parallel-plate electron energy analyzer. 4) The electron-beam-pumped light source was demonstrated in the chamber shown in Fig. 4 . A Si electrontransparentˆlm separates the vacuum chamber from the high-pressure gas cell. A sputter-induced graphite nanoneedleˆeld emitter was placed in the vacuum chamber and an acceleration voltage of up to -28 kV was applied to the emitter. A gate electrode made from a Cu mesh was set in front of the emitter, and electrons were extracted by applying 1 kV between the emitter and the gate mesh. A grounded mesh electrode was also set in front of the transparentˆlm for electrons to enter vertically into theˆlm. Both the electron-transparentˆlm and chamber were grounded. Therefore, electrons are accelerated, penetrate the electron-transparentˆlm and excite the gas to emit light. We used Ne gas for measuring the dependence of the light emission area and intensity on the gas pressure, because Ne gas emits visible light and spectroscopic measurements are easy. Figure 5 shows the electron transmittance ratio of the Si electron-transparentˆlm with a thickness of 1.5 mm. Squares are the experimental results, and a solid line is the calculated result by Monte-Carlo simulation for a 1.5-mm-thick Siˆlm with an aperture ratio of 75z. The transmittance increases with increasing the acceleration voltage, and reaches 60z at an acceleration voltage of 27 kV. The experimental results well agree with the calculation. Considering the aperture ratio, almost all of the electrons incident the transparentˆlm penetrate thê lm at 27 kV. Figure 6 shows the energy distribution of the electrons after penetrating the 1.5-mm-thick Si electron-transparentˆlm. Circles and squares are the experimental results at acceleration voltage of 15 and 20 kV, respectively, and solid lines are the calculated results by Monte-Carlo simulation for a 1.5-mm-thick Siˆlm. In the experiment electrons were initially accelerated at 15 and 20 kV, due to the limitation of the voltage in a power supply used as a retarding voltage source. The retarding voltage was changed by a 1 kV step. Therefore, theˆne structures observed in the experimental energy distributions at acceleration voltages of 15 and 20 kV have no meaning and are due to the roughness of the measurement. The energy distributions indicate that the electrons initially accelerated to 15 kV have a broad peak at around 10 keV after penetrating the 1.5-mm-thick Si electron-transparentˆlm and the electrons initially accelerated to 20 kV have a broad peak at around 14 keV. The parallel-plate energy analyzer tends to estimate an electron energy to be a lower value than an actual value, because it can measure only a vertical component in electron energy. Considering this, the experimental results approximately agree with the Monte-Carlo simulation. The Monte-Carlo simulation indicates that about 80z of the electrons have energies larger than 20 kV after penetrating a 1.5-mm-thick Siˆlm when they are initially accelerated at 25 kV. Figure 7 (a), (b) and (c) show the light emission images observed from the electron-excited Ne gas at gas pressures of 0.1, 0.4 and 1.0 atm, respectively. The beam current entered into the gas cell was about 1 mA and the electron acceleration voltage was 25 kV. The internal diameter of the gas cell was 4 cm and the electron-transparentˆlm was set at the center of the gas cell. A spotlike light emission and a background light emission are observed in at a Ne gas pressure of 0.1 atm, while the back ground light emission gradually disappears with increasing the gas pressure and the light emission becomes a completely spot at a gas pressure of 1.0 atm. This indicates that the high gas pressure is necessary to develop a spot light source. Figure 8 (a), (b) and (c) show the emission spectra observed from the electron-excited Ne gas at gas pressures of 0.1, 0.4 and 1.0 atm, respectively. The beam current entered into the gas cell was about 1 mA and the electron acceleration voltage was 25 kV. Many peaks are observed in a wavelength range of 580-780 nm, which are known as light emissions due to the transitions from the 2p 5 5s to the 2p 5 3p and from the 2p 5 3p to the 2p 5 3s levels in atomic Ne. 5) The intensity dependence of the two strong 585 and 703 nm lines on the gas pressure is shown in Fig. 9 . The intensity of both emission lines increases with increasing the gas pressure at a gas pressure less than 0.5 atm, and tends to saturate. To understand the dependence of the light emission area and intensity on the gas pressure, we calculated electron trajectories as a function of the gas pressure by Monte-Carlo simulation.
Results and discussions
Figure 10(a), (b) and (c) show electron trajectories for Ne gas at gas pressures of 0.1, 0.4 and 1.0 atm, respectively. The energy of the incident electrons was set at 23 kV, which was the peak energy of the energy distribution calculated for the electron with an acceleration of 25 kV in Fig. 6 . The electron trajectories shows that electron tracks spread in the entire gas cell at a gas pressure of 0.1 atm, while the tracks concentrate on about 2×2 cm 2 area just behind the electron-transparentˆlm at a gas pressure of 1.0 atm. The Monte-Carlo simulation well explains the experimental result that the light emission becomes a completely spot at a gas pressure of 1.0 atm, which is shown in Fig. 7 . On the other hand, though the electron tracks spread in almost the entire gas cell at a pressure of 0.4 atm, the light intensity of the emission lines at a pressure of 0.4 atm is almost same as that at a gas pressure of 1.0 atm, as shown in Fig. 9 . There are two possibilities to explain that the light intensity does not increase even though the electron tracks concentrate on a smaller area with increasing the gas pressure: One possibility is that the number of electrons that are reentered to the Si transparentˆlm increases with increasing the gas pressure. This is because more electrons are rebounded from Ne atoms with increasing the gas pressure. The other probability is as follows: When the gas pressure is increased and the density of the Ne atoms is increased, the collision probability between the excited Ne atoms and the other Ne atoms increases. As a result, the transition ratio that the exited Ne atoms transit to the lower levels with losing their energy without light emission increases. Thus, the light intensity decreases. From the Monte-Carlo simulation it is possible to estimate the number of electrons that are reentered to the Si transparentˆlm by the bombardment of Ne atoms. The ratio of the number of the electrons reentered into the Siˆlm to the number of the electrons initially entered to the gas cell is shown in Fig. 11. Fig. 11 shows that the ratio does not increase even though the gas pressure is increased from 0.4 to 1.0 atm. Therefore, this result suggests that the saturation of the light intensity is due to the increase of the excited Ne atoms losing their energy without light emission.
Conclusions
We have fabricated the graphite nanoneedleˆeld emitter and Si electron-transparentˆlm for an electronbeam-pumped light source usingˆled emitters. The graphite nanoneedleˆeld emitter showed an electron emission of 10 mA at an averageˆeld of 6 V/mm, and an electron transmittance of about 60z was obtained at an acceleration voltage of 27 kV for the 1.5-mm-thick Si electron-transparentˆlm with an aperture ratio of 75z. The both experimental results of the electron transmittance of the 1.5-mm-thick Si electron-transparentˆlm and the energy distribution of the electrons after penetrating the 1.5-mm-thick Siˆlm agree with the Monte-Carlo simulation results. A spot-like light emission and a background light emission observed in at a Ne gas pressure of 0.1 atm, while the back ground light emission gradually disappears with increasing the gas pressure and the light emission becomes a completely spot at a gas pressure of 1.0 atm. These experimental results are explained by the simulation results. However, the light intensity almost saturated at a gas pressure of 0.4 atm and
